Abstract: This paper investigates the electrical properties in the microwave range of a contact made by graphene nanoplatelets. The final goal is that of estimating the range of values for the equivalent electrical complex permittivity of a contact obtained by integrating low-cost graphene in the form of nanoplatelets (GNPs) into a high-frequency electrical circuit. To this end, a microstrip-like circuit is designed and realized, where the graphene nanoplatelets are self-assembled into a gap between two copper electrodes. An experimental characterization is carried out, both to study the structural properties of the nanomaterials and of the realized devices, and to measure the electromagnetic scattering parameters in the microwave range by means of a microstrip technique. A full-wave electromagnetic model is also derived and used to investigate the relationship between the measured quantities and the physical and geometrical parameters. The combined use of the experimental and simulation results allows for retrieving the values of the equivalent complex permittivity. The equivalent electrical conductivity values are found to be well below the values expected for isolated graphene nanoplatelets. The real part of the electrical relative permittivity attains values comparable to those obtained with GNP nanocomposites.
Introduction
In recent decades, the use of nanostructured materials in electronics has been widely investigated, given their exciting features and outstanding properties, potentially suitable to solve many of the open problems for the next generations of electronics technologies [1] . Therefore, an increasing amount of interest has been given to innovative materials and design solutions.
Among the nanomaterials synthesized and studied so far, a special role is played by those derived from the carbon, such as the graphene or the carbon nanotubes, because of their fascinating behavior and excellent mechanical, thermal and electrical properties [2, 3] . The use of carbon-based nanomaterials in electronics has been investigated for decades [4] [5] [6] [7] [8] , and the proposed applications may be divided in two main categories: (i) nano-carbon as reinforcing material to realize novel composites (nanocomposites); (ii) nano-carbon as alternative material to replace conductors or dielectrics in electronic devices.
The carbon-based nanocomposites have been shown to provide excellent electrical and electromagnetic performance [9] [10] [11] [12] , so that their use to fabricate films, shields or coatings moved from the stage of the lab to the market, assessing a new technology.
On the other hand, the use of carbon materials to replace conductors or dielectrics in electronic devices has not reached the same technology maturity. Indeed, carbon nanotubes (CNTs) and graphene nanoribbons (GNRs) have been proposed, for instance, to replace conventional conductors in nanoscale applications such as on-chip nano-interconnects [13, 14] , quantum circuits nano-interconnects [15] , nano-packages [16, 17] , nano-transistors [18, 19] , nano-antennas and nano-sensors [20] [21] [22] . The main reasons why this technology has not yet reached the commercial stage are related to the cost of the fabrication of nanomaterials with the required quality and of their integration. As for the integration, presently the main limit is due to the growth conditions (e.g., the temperature) that are still not compatible with a monolithic integration of carbon conductors and conventional CMOS technology. Therefore, the integration can be only made by means of cumbersome and expensive transfer techniques.
For the above reasons, recently an increasing interest has been paid to some low-cost versions of the graphene, such as the so-called Graphene Nanoplatelets (GNPs), irregular flakes of graphene. Such platelets are typically made by few layers of graphene, hence with a thickness of few nanometers and the other two dimensions of the order of the microns. A GNP can be fabricated with a simpler and cheaper procedure compared to a graphene sheet: for instance, in [23] it is obtained from commercial expandable graphite by means of a thermal expansion and a further sonication process. In addition, the GNPs may be integrated into an electrical circuit by means of a bottom-up self-assembly technique, such as that proposed in [24] . The electrical properties of this low-cost material are of course poor compared to the isolated pure graphene sheet or ribbon, but they can still be suitable for the applications. Indeed, the use of GNPs as fillers in nanocomposites has been proven to be effective in providing good performance in terms of electromagnetic shielding effectiveness, for instance [25] . In addition, the use of GNPs integrated into high-frequency circuits has been successfully proposed for realizing attenuators [26] or tunable antennas, Figure 1 [27] . In view of integrating the GNPs into a high-frequency circuit, it is essential to estimate the achievable values of the equivalent electrical parameters (dielectric constant and electrical conductivity), taking into account not only the nanomaterial features but also the effect of the contact resistance at the interfaces with the conventional metals, which play a major role in determining the final performance of carbon-based nano-circuits [28, 29] . Indeed, the measured values of these parameters available in literature refer to isolated GNPs or to GNP nanocomposites [30] .
The novelty of this paper is the proposal of a technique based on electromagnetic modeling and experimental characterization, able to retrieve the high-frequency equivalent complex permittivity of a GNP contact embedded in copper electrodes. Specifically, such an equivalent parameter accounts for the effects of the GNP/Cu contacts, which are essential in view of correctly analyzing or designing electrical circuits and devices with graphene embedded.
The details of the fabrication and of the experimental characterization of the circuit are given in Section 2, along with the electromagnetic model used to simulate its behavior. The model is based on physical parameters such as the equivalent complex permittivity and the dimensions of the GNP contact.
Section 3 reports the results of: (i) a structural analysis on the circuits, performed by means of Scanning Electron Microscopy; (ii) a sensitivity analysis performed by means of the electromagnetic model; and (iii) an electromagnetic characterization in the microwave range with a Vector Network Analyzer, by means of a microstrip technique. Indeed, this technique is suitable for our purposes, being able to include the contacts, which is not the case for other measurement methods commonly adopted to estimate the permittivity of a material (see for instance [31] ). The joint use of the microstrip measurement technique and of the numerical simulation of the full-wave model provide, respectively, the measured and simulated scattering parameters (S-parameters). The equivalent permittivity is finally derived by identifying the parameters of the proposed model, by using the results of the structural characterization and the measured S-parameters. Examples of permittivity measurement methods based on the use of full-wave simulations are provided, for instance, in [32] .
The final Section of Conclusions resumes the main results obtained in this paper and outlines some perspective work suggested by the results achieved so far.
Materials and Methods

Preparation and Structural Characterization of the Sample Circuits
The test-vehicle is the microstrip circuit depicted in Figure 2 , in which the copper signal line is cut to realize a gap. The parameters values for the geometry are reported in Table 1 . The dielectric material is FR4 (PCL370HR), with relative permittivity between 4.17 and 3.92 in the range (1-10) GHz. Table 1 . Values of the geometrical parameters for the microstrip in Figure 2 . The considered nanomaterial is a powder of commercial graphene nanoplatelets (GNPs), that has been characterized through analytical scanning electron microscopy, performed by means of the SEM microscope LEO/ZEISS, model 1455 VP, Austin, TX, USA), also featuring energy dispersive X-ray spectrometry (EDX). To this end, the powder has been placed on an aluminum stop with double-sided carbon tape. The voltage for the energy dispersive analysis was 20 keV.
These GNPs have been transferred into the microstrip gap, to form a contact between the two copper electrodes. To this end, it has been used a self-assembly technique, recently proposed by the Authors [28] : the GNPs have first been dispersed into isopropyl alcohol, then dropped down in the gap, using a small needle syringe. During this phase, an electric field has been imposed in the gap, by applying a DC voltage source to the ends of the two copper electrodes. Under the action of such a field, the GNPs can be attracted inside the gap, creating the contact after the alcohol evaporation. At this stage, the contact is only due to Van der Waals forces. In order to mechanically fix it, an acrylic spray is used to deposit a film over the GNPs and the copper electrodes.
The correct integration of GNPs into the gap between the copper lines has been checked by SEM analysis, performed by SEM TESCAN, model VEGA II, Brno-Kohoutovice, Czech Republic.
Two different samples of the above circuit have been fabricated.
Electromagnetic Model
As outlined above, an electromagnetic model of the circuit is needed to investigate the functional relationship between the measured quantities and the equivalent parameters, taking into account all the phenomena involved in the reflection/transmission process. To this purpose, the microstrip with GNPs has been modeled by means of the simulation tool CST Microwave Studio [33] . The geometry has been designed as in Figure 3 . The electrodes and the return ground of the microstrip have been modeled as copper with conductivity of σ Cu = 5.8·10 7 S/m. In the considered frequency range, the values of the dielectric constant of the FR4 dielectric has been assigned by linearly interpolating the values ε r,FR4 = 4.17 at 1 GHz and ε r,FR4 = 3.92 at 10 GHz. The GNP gap has been modeled by a complex relative permittivity ε = ε + iε , assuming a simple Drude model [34] :
that involves a frequency-independent dielectric constant ε and electrical conductivity σ. A frequency-domain simulation is performed by introducing the input and output waveports of the microstrip as shown in Figure 3 , in order to compute the scattering parameters, to be compared to the results of the experimental characterization. As shown in the next Section, the low-cost self-assembly technique described above cannot provide a strict control on the contact shape, therefore extra material may be found outside the gap volume. Its presence influences the results in the microwave range, therefore it must be considered. Here it is simply described as an extra box of length l and height h that covers the original gap (inset of Figure 3) .
Summarizing, the electromagnetic model is characterized by four parameters that act as degrees of freedom: the two electrical parameters ε and σ appearing in Equation (1), and the two geometrical parameters l and h referring to the extra-material box in Figure 3 (inset).
Electromagnetic Characterization
The test-vehicle (the Device Under Test, DUT) described in paragraph 2.1 has been characterized in the microwave range in terms of the scattering matrix by using a Vector Network Analyzer, VNA (Anritsu 37347C, Atsugi, Japan). The critical point in the measurement set-up is the transition between the microstrip under test and the coaxial cables connected to the two ports of the VNA. In practical cases, in spite of a careful design of the microstrip-cable transition, mismatch between the coaxial cables and the microstrip causes non-negligible errors in both reflections and transmission measurements, whose reduction requires proper error correction techniques. These techniques model the microwave circuit connected to the microstrip (including the transitions) as a linear network, allowing us to correct the systematic errors affecting the measurements [35, 36] . This method, known as 'VNA calibration process', requires the use of known, or partially known, loads. The effectiveness of the method is affected mainly by two factors. The first one is related to the accuracy of the load used in the calibration process, while the second one depends on the stability (i.e., invariance) of the microwave set-up during the calibration and the measurement of DUT.
The critical point is the repeatability of the microstrip-coaxial cable transition mismatch when the different loads and the DUTs are measured. In the measurement campaign a high precision microstrip text fixture (Anritsu Universal Test Fixture 3680-20, Atsugi, Japan) has been adopted, while the calibration has been performed by using high-precision microstrip loads (available in the Anritsu 36804B-25M calibration kit, Atsugi, Japan). The text fixture has been connected to the VNA by means of semi-rigid phase stable cables. The VNA has been calibrated using Transmission-Reflection-Load (TRL) technique. In particular, 10 mm and 12 mm lines, as well as short circuits on both ports have been employed for the calibration, in order to achieve a very stable measurement up to 15 GHz. The measurement set-up is shown in Figure 4 . After the calibration, its accuracy has been verified by means of the measurement of a known load (a matched circuit on both ports); for each DUT the measurement has been taken two times, rotating the sample in the fixture in order to check for sample asymmetries. The calibration-verification-measurements procedure has been repeated at least three times for every sample batch.
Results and Discussion
Structural Characterization of the Nanomaterial and of the Circuit
After the SEM analysis, the thickness of the GNPs were found to be smaller than 100 nm: Figure 5a shows an image of these flakes in powder.
In addition, the mean composition identified by the SEM/EDX analysis highlights a non-negligible presence of oxygen and of impurities, such as Ca, S, Si, Al and other elements (see Table 2 ), which is the typical case for a commercial low-cost graphene material. Figure 5b shows the results obtained after creating the GNP contact with the self-assembly procedure described in Section 2, highlighting the presence of GNPs exceeding the gap. An estimation of the lengths and heights of the box of the extra material to be considered in the model (see Figure 3) has been made by using SEM images, and the resulting ranges are reported in Table 3 . 
Electromagnetic Simulations and Sensitivity Analysis
The electromagnetic model presented in Section 2 has been used to simulate the system in the microwave frequency range, to retrieve the scattering parameters: Figure 6 shows the distribution of the electric field at 11 GHz, putting on evidence the non-negligible influence of the extra material. A sensitivity analysis has then been carried out to investigate the dependence of the scattering parameters on each of the four degrees of freedom, and the results are plotted in Figure 7 . Here, the following set of nominal values have been assumed: ε = 10, σ = 4 S/m, l = 0.4 mm and h = 0.06 mm. In each of the four plots all but one of these values are kept fixed. The reflection parameter S 11 is: always decreasing with the frequency; decreasing with ε at high frequencies but mostly insensitive to it at low frequencies ( Figure 7a) ; decreasing with the conductivity σ by a factor almost independent on frequency ( Figure 7b) ; decreasing with the length l by a factor almost independent on frequency up to values of about 2x the gap length, being insensitive to further length increase ( Figure 7c) ; decreasing with the height h by a factor almost independent on frequency ( Figure 7d) .
The transmission parameter S 12 is always increasing with the frequency; increasing with ε ( Figure 7a) ; increasing with the conductivity σ at low frequencies but mostly insensitive to it at high frequencies ( Figure 7b) ; increasing with the length l by a factor almost independent on frequency up to values of about 2× the gap length, being insensitive to further length increase ( Figure 7c) ; increasing with the height h by a factor almost independent on frequency (Figure 7d ).
Electromagnetic Characterization and Results Discussion
The result of the characterization in the microwave range is reported in Figure 8 . Specifically, Figure 8a refers to Sample #1 and to the reference circuits used for the calibration (short and open circuit). The measurements have been repeated three times with no significant difference, hence assessing a good level of reproducibility (see Figure 8a) .
The final step is the identification of the electrical parameters by comparing the simulation results to the experimental ones. To this end, recalling that the model is based on four degrees of freedom, ε , σ, l and h, a preliminary analysis is carried out to reduce the range of the values of at least three of these parameters. The geometrical parameters are bounded by the values provided in Table 3 . As for the conductivity, a preliminary estimation of its DC value has been performed by measuring the DC resistance with a four-probe technique, providing the values in Table 4 . In the following we assume that the conductivity in the microwave range remains of the same order of magnitude of the DC value. Therefore, the identification procedure can be now carried out by varying the real part of the permittivity (the dielectric constant) ε in order to match the simulations with the measurements, imposing that the geometrical parameters l and h fall in the ranges in Table 3 , and that the conductivity σ remains in the order of magnitude reported in Table 4 . An example of this procedure is reported in Figure 8b , referring to the sample #2. After analyzing the two samples, the estimated values of the dielectric constant ε and of the conductivity σ in the considered range are finally reported in Table 4 .
As expected, the low-cost fabrication and integration procedure cannot provide a strict control over the final electrical parameters, hence the permittivity values for the two test-vehicles are significantly different, although they remain of the same order of magnitude.
The electrical conductivity value for the GNP contact in the arrangement presented in this paper is much lower than that measured for instance in isolated GNP films, with typical values of the order of σ ∼ 10 4 S/m [12] , that can rise even up to σ ∼ 10 5 S/m [25] . This result is due to two main reasons: the first and probably the most relevant is the presence of the contact resistance at the GNP/Cu interfaces, which strongly reduces the overall conductivity, as is well known from the studies on carbon interconnects [28] . The second reason, as pointed out in [12] , may be found in the degradation phenomena associated to the granularity, impurities and tunneling transport. The very low value of the equivalent electrical conductivity makes this solution not suitable for fabricating high-frequency interconnects.
The results in Table 4 demonstrate that the GNP contact in the arrangement presented here exhibits a value of the real part of the permittivity that is higher than the values for isolated graphene sheets, typically below 10. From this point of view, this material behaves like the GNP-nanocomposites, that have been proven to exhibit huge permittivity values [30, 37] . As a conclusion, this kind of material can be proposed when high values of permittivity are required, such as in nano-antennas or in off-chip transitions supporting quasi-Tranverse Electromagnetic Modes.
Conclusions
This paper has investigated the high-frequency equivalent electrical parameters of a contact realized by embedding a low-cost version of graphene, i.e., graphene nanoplatelets (GNPs) into a microstrip-like circuit. The GNPs have been embedded by means of an industrially appealing self-assembly procedure. The above assumptions introduce two main issues: the effect of the contacts between the GNPs and the copper electrodes and the limited control on the final shape of the contact.
In the microwave frequency range (2-18 GHz) the estimated equivalent conductivity ranges from 4 to 10 S/m, that is 3-4 orders of magnitude lower than the typical values expected for isolated GNP films. The equivalent relative dielectric constant falls in the range 23-40, which is comparable to the values obtained, for instance, in GNP nanocomposites.
The above results allow us to outline some perspectives about the potential applications of GNP contacts for high-frequency circuits. Indeed, there are at least two possible applications where the proposed circuit devices may be exploited: the use of embedded GNPs into a microstrip circuit as an attenuator element (demonstrated in [26] ) or into the electrical package of an integrated circuit (IC), as a novel interposer material. The interposer layers are used in the so-called 3D integration technology to fan-out the IC pins with redistribution layers and packages circuits [38] . To improve the performance in terms of signal integrity, the interposer should exhibit a low electrical conductivity and a high dielectric constant, which is exactly the case of the contact analyzed in this paper.
